Objective-This study tested the hypothesis that vasospasm can trigger coronary plaque injury and acute ischemic myocardial damage. Approach and Results-Myocardial infarction-prone strain of the Watanabe heritable hyperlipidemic rabbits received an intravenous bolus of ergonovine maleate (0.45 µmol/kg) during intravenous infusion of norepinephrine (12 nmol/kg per minute) to provoke coronary spasm in vivo. After this treatment, coronary angiography demonstrated vasospasm, and the ECG showed ischemic abnormalities (ST depression/elevation and T-wave inversion) in 77% of animals (23/30). These changes normalized after nitroglycerin injection. In rabbits that demonstrated these ECG findings for >20 minutes, echocardiograms showed left ventricular wall motion abnormality. Serum levels of heart-type fatty acid-binding protein, cardiac troponin-I, and myoglobin increased markedly 4 hours after spasm provocation. In coronary lesions of myocardial infarction-prone strain of the Watanabe heritable hyperlipidemic rabbits with provoked coronary spasm, we observed intimal injury in 60.9% in the form of endothelial cell protrusions (39.1%), denudation (30.4%), and macrophage extravasation (56.5%). Plaque disruption with luminal thrombus, however, was only seen in 2 of 23 animals (8.7%), and mural microthrombus was rarely observed (4.3%). Conclusions-These observations show that provocation of vasospasm in myocardial infarction-prone strain of the Watanabe heritable hyperlipidemic rabbits associates with subsequent ischemic myocardial damage. Although treatment with spasmogens altered aspects of plaque morphology, for example, endothelial protrusion and macrophage emigration, thrombosis was rare in these animals with chronic atherosclerotic disease. (Arterioscler Thromb Vasc Biol. 2013;33:2518-2523.)
I
n humans, disruption of coronary plaques can cause acute coronary syndromes (ACSs). Several factors, such as proinflammatory cytokines, matrix metalloproteinases, oxidative stress, and intraplaque hemorrhage, may increase the fragility of plaques. [1] [2] [3] [4] [5] Yet, not all thin-capped plaques with macrophage accumulation rupture, 1, 6, 7 and the trigger(s) of acute plaque disruption events that complicate chronically atherosclerotic coronary arteries remains uncertain. Moreover, frank rupture of the fibrous cap does not cause all fatal myocardial infarctions. A more superficial form of intimal injury or erosion can also provoke fatal coronary thrombosis. The mechanisms that precipitate these forms of coronary plaque disruption remain uncertain. 1, 8 Mechanical factors, such as circumferential stress, may contribute to plaque rupture, 9 and coronary vasoconstriction may contribute to the onset of ACSs. 1, 10 Yet, no definitive experimental evidence has demonstrated that vasospasm triggers coronary arterial plaque injury-because of a dearth of suitable experimental animal preparations. 11, 12 Previous investigations have demonstrated disruption of diet-induced brachiocephalic lesions 13, 14 and coronary lesions 15 in mice although these studies did not identify triggers of plaque disruption. Most studies of plaque injury in mice have focused on non-coronary arteries, [11] [12] [13] [14] but coronary plaque injury or disruption is particularly important in animal experiments because the composition of atherosclerotic lesions and arterial structure differs in different beds. 16 Moreover, study of coronary arteries is necessary to examine whether vasospasm relates to the development of myocardial damage and decreased ventricular function. Caligiuri et al 17 demonstrated that mental stress leads to acute myocardial ischemia in atherosclerotic mice, but they did not observe coronary plaque rupture or document coronary spasm. In pigs with diet-induced atherosclerosis, 18, 19 repeated coronary spasm evokes intraplaque hemorrhage, luminal occlusion, and endothelial damage without plaque rupture. In rabbits, injection of Russell's viper venom and angiotensin II induced coronary spasm and the formation of thrombi. 20, 21 Such treatments that provoke occlusive thrombus formation differ substantially from conditions that likely prevail at the onset of ACSs in humans. In addition, the venom used contains an undefined mixture of biologically active substances. We, therefore, need ways to probe experimentally the pathophysiology of sudden myocardial ischemic events in animals with chronic coronary artery atherosclerosis.
We developed, as previously described, a myocardial infarction-prone strain of the Watanabe heritable hyperlipidemic (WHHLMI) rabbit 22 by selectively breeding the WHHL rabbit that has hypercholesterolemia because of a genetic defect in the low-density lipoprotein receptors. [23] [24] [25] The WHHLMI rabbit strain has been maintained by selective breeding using the offspring of rabbits with myocardial infarction and severe coronary atherosclerosis. WHHLMI rabbits develop various types of coronary lesions, including thin-capped fibroatheromas with macrophage infiltration, and evidence for old myocardial lesions (fibrosis and myocardial scars) caused by chronic ischemia produced by progression of coronary plaques without acute thrombus formation. 22, 25, 26 We did not detect spontaneous erosive injury or rupture of coronary plaques or the vestiges of coronary plaque rupture in WHHLMI rabbits that died suddenly although macrophages within the thin fibrous cap of a fibroatheroma contain immunoreactive matrix metalloproteinases. These observations suggest that erosion or rupture of coronary plaque involves other precipitants beyond the local expression of proteinases.
The present investigation provoked coronary spasm pharmacologically in WHHLMI rabbits harboring chronically atherosclerotic coronary arteries and tested the hypothesis that plaque disruption with thrombosis, a frequent cause of clinical acute ischemic myocardial injury and decreased left ventricular function, requires 2 hits: a susceptible plaque and a triggering stimulus, one of which may be local arterial spasm.
Materials and Methods
Materials and Methods are available in the online-only Supplement. Table I in the online-only Data Supplement shows the characteristics of the WHHLMI rabbits examined. All of these rabbits had hypercholesterolemia and severe atherosclerotic lesions in the coronary arteries. Figure 1 shows the provocation of coronary spasm in WHHLMI rabbits. After injection of ergonovine during norepinephrine infusion, coronary angiograms showed that contrast flow decreased in the left anterior descending artery and ceased in the left circumflex artery ( Figure 1A) , and the ECG showed ST-elevation, poor R-wave progression, and ventricular premature depolarization in all leads ( Figure 1B and 1C atherosclerotic lesions and caused ECG abnormalities consistent with myocardial ischemia or injury. These ischemic responses occurred in 76.6% of rabbits (23/30) that received the vasoconstrictors ( Figure 1C ). Figure 2 shows the influence of coronary spasm on left ventricular function and on myocardial ischemia in WHHLMI rabbits. The echocardiogram ( Figure 2A ) shows markedly reduced motion of the anterior wall and increased end-diastolic left ventricular size after administration of spasmogenic agents. Left ventricular fractional shortening calculated from the echocardiogram ( Figure 2B ) decreased by 30% during the administration of spasmogenic agents. Nitroglycerin injection mitigated these changes in echocardiograms. In addition, serum levels of myocardial injury markers (hearttype fatty acid-binding protein, cardiac troponin-I, and myoglobin) increased markedly 4 hours after the provocation of coronary spasm although those levels were normal at baseline (Table 1) . Taken together, these results indicate that coronary spasm induced substantial myocardial ischemia and injury and impaired left ventricular function.
Results
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Influence of Coronary Spasm on Coronary Lesions
Administration of spasmogenic agents altered the morphology of coronary arterial lesions ( Figures 3 and 4) . Figure 3A to 3D shows a typical thin-capped atheroma with macrophage accumulation from a WHHLMI rabbit without coronary spasm. This representative plaque has a large necrotic core, containing foam cell debris, lipid, cholesterol crystals, and erythrocytes. A thin fibrous cap covered this large necrotic core (black arrows). Although matrix metalloproteinase-positive macrophages localized in the thin fibrous cap, one feature mechanistically linked with plaque disruption, the plaque was not disrupted and had a morphologically intact endothelial layer. Figure 3E to 3V shows superficial injury of collagen and smooth muscle cell-rich plaques and an advanced lesion from WHHLMI rabbits with provoked coronary spasm. Figure 3F to 3H shows lifting of CD41-positive endothelial cells and subendothelial edema in the lesion-free coronary wall (black arrows) and the lesion surface (blue arrows). These CD31-positive cells did not stain for macrophages (RAM-11; Figure 3H ) or smooth muscle α-actin (1A4; data not shown). At the lesion surface, RAM-11-positive macrophages localized under the region of subendothelial edema. These findings occurred in 39% of rabbits (9/23; Table 2 ). Figure 3I to 3L shows micrographs from specimens from rabbits that underwent fixation by immersion rather than by perfusion fixation. In contrast to a rabbit without spasm ( Figure 3A-3D) , the coronary arterial lumen contained numerous cells ( Figure 3J ) positive for CD31 ( Figure 3K ) but negative for 1A4 ( Figure 3L )-consistent with endothelial cell denudation. Subtotal occlusion in distal coronary artery segments sections (500-1000 μm downstream, data not shown) may account for accumulation of denudated endothelial cells in the lumen. Thirty percent of rabbits showed denudation of endothelial cells (7/23; Table 2 ). Figure 3M to 3P shows an advanced plaque. Macrophages situated in the subendothelial region and extended into the coronary arterial lumen ( Figure 3N-3P, black arrows) , where endothelial cells seemed to protrude to the lumen and form an interendothelial gap ( Figure 3O ). Because we did not observe monocytes adherent to the plaque surface, these findings suggest, but do not prove, that spasm can provoke extrusion of macrophages from plaques into the lumen. Examination of coronary sections prepared with or without perfusion fixation showed similar findings in 56.5% of rabbits (13/23; Table 2 ). Figure 3Q to 3V shows specimens in which macrophages localized on the plaque surface in association with microthrombus ( Figure 3Q ), and the endothelial monolayer seemed distorted ( Figure 3S ). We observed many eosin-positive structures at the plaque surface, consistent with fibrin deposition (Figure 3T-3V) . By the Fraser-Lendrum method ( Figure 3U ) and the Martius scarletblue stain ( Figure 3V ), red staining identifies fibrin and stains erythrocytes yellow. 27 Although these findings suggest that microthrombi can form at the plaque surface showing endothelial abnormality, this finding occurred in only 1 case. Figure 4A to 4D shows serial sections of a coronary plaque observed in a rabbit euthanized ≈20 hours after spasm provocation. This plaque has a less fibromuscular character and only a rudimentary fibrous cap ( Figure 4A-4C ) but has abundant foam cell debris ( Figure 4D ) and lipid accumulation ( Figure 4A-4C) . In this plaque, we observed plaque fragments (white arrows) in the lumen and blood components (yellow arrows) in the plaque ( Figure 4B ). The Martius scarlet-blue stain indicates fibrin in red and erythrocytes in yellow, 27 demonstrating fibrin thrombus in the lumen ( Figure 4C ). These results suggest that coronary spasm can provoke morphologic changes in plaques and local thrombus formation.
Discussion
Using pharmacologic provocation of coronary vasospasm in WHHLMI rabbits, this study demonstrates that exaggerated vasoconstriction can trigger morphologic abnormalities of coronary artery atheromata and acute ischemic myocardial damage in WHHLMI rabbits. Photomicrographs presented in Figure 4 show spasmogen-related plaque disruption and subsequent thrombus formation although the morphological features did not resemble human thin-capped plaques, and the plaque disruption occurred in only 2 animals. The present results demonstrated, however, that coronary spasm evoked injury or disruption of coronary plaques, and that injury of coronary plaques correlated with acute myocardial ischemic injury-as determined electrocardiographically, biochemically, histologically, and by impaired left ventricular function. Previous studies using animals did not document influences of coronary plaque injury because of vasospasm on ischemic myocardial damage, including impaired left ventricular function. 1, [11] [12] [13] [14] [15] [16] [17] [18] Therefore, the present study provides novel mechanistic insight into the pathogenesis of acute ischemic myocardial damage, including abnormal left ventricular function.
In this study, injury of the coronary plaque after spasm provocation occurred in 82.6% of rabbits, as observed previously, 18 but no damage occurred in coronary plaques of WHHLMI rabbits without vasospasm or those of nontreated WHHLMI rabbits. The length of coronary artery sampled (an ≈10-mm long segment of the left circumflex artery from its origin), therefore, lay in the zone affected by vasospasm as determined angiographically. These observations suggest that provoked vasospasm contributed to coronary plaque injury or disruption. In addition, increased serum markers of myocardial injury and impaired left ventricular function after vasospasm provocation demonstrate acute ischemic myocardial damage. In a rabbit with evoked plaque disruption and thrombus formation in the lumen after vasospasm provocation (Figure 4) , the serum markers for ischemic myocardial injury-at near normal levels before spasm provocationincreased markedly 4 hours after spasm provocation (from 2.5 to 34.0 ng/mL in heart-type fatty acid-binding protein; from 0.0 to 0.7 ng/mL in cardiac troponin-I; and from 47 to 283 ng/ mL in myoglobin). Retrospective examination of 100 WHHLMI rabbits that did not receive spasmogenic agents revealed no distinct coronary plaque injury or disruption, despite having thin-capped fibroatheroma with macrophage infiltration, similar to the coronary plaque shown in Figure 3A to 3D. After provocation of coronary spasm, coronary plaque injury occurred in >80% of the rabbits. In all WHHLMI rabbits that did not manifest ECG changes after administration of spasmogenic agents, coronary plaques remained intact. Only WHHLMI rabbits subjected to provoked coronary spasm displayed plaque disruption and acute ischemic myocardial damage, observations that support coronary artery spasm as 1 possible triggering mechanism for endothelial injury and macrophage emigration from the plaque in association with acute ischemic myocardial damage. 1 This study revealed damage to the plaque surface in fibrous plaques (60.9% in rabbits with provoked vasospasm). Plaque injury with apparent extrusion of intimal macrophages also occurred in fibroatheroma with macrophage infiltration in the subendothelial region (56.5% of rabbits with provoked vasospasm; Figure 3M ; Table 2 ). Thus, vasospasm seems to contribute to both superficial plaque injury (in more fibrous lesions) and actual plaque disruption (in lesions of a more atheromatous morphology). Yet, we observed luminal thrombus rarely in injured coronary plaques. These observations suggest that contact of blood components with macrophages in situ may not suffice to trigger thrombus formation.
Limitations
Coronary plaque disruption with thrombus formation in WHHLMI rabbits after spasm provocation does not replicate precisely coronary plaque rupture in humans. The triggers of coronary plaque rupture and subsequent ACSs remain uncertain, 1, 8 despite much study. 1, 11, 12 Although these animal experiments have many obvious differences from the clinical situation, the present study does provide experimental validation of the concept that coronary artery vasospasm might be 1 mechanism of triggering coronary plaque injury and subsequent acute ischemic myocardial damage, including impaired left ventricular function. The present study was performed to examine the hypothesis that the onset of acute ischemic myocardial damage requires 2 hits: a susceptible plaque and a triggering stimulus. Despite these limitations, the present experimental study does identify vasospasm as 1 possible second hit in the precipitation Figure 4 . Photomicrographs of a serious injury of coronary plaque in a myocardial infarction-prone strain of the Watanabe heritable hyperlipidemic (WHHLMI) rabbit after vasospasm provocation. Rabbit represented by the coronary sections was euthanized ≈20 hours after spasm provocation. Coronary sections were prepared after perfusion fixation. A to D, Serial sections; (B) magnified view of the square in A. Arrows in A and B, Disrupted sites; (C) components stained red in the lumen are considered fibrin thrombus, and components stained yellow are considered erythrocytes in Martius scarlet-blue stain. 27 White arrows indicate plaque fragments in the lumen; and yellow arrows, blood components in the plaque.
of acute ischemic myocardial damage. Extrapolation of the present experimental results to human ACSs will require further study.
